ABSTRACT The soybean aphid, Aphis glycines Matsumura, was introduced to north central North America from Asia in 2000, and it has become a major pest of soybean, Glycine max (L.) Merr. Understanding how natural enemies impact aphid populations in the Þeld is an important component in developing a comprehensive management plan. We examined the impact of naturally occurring predators in the Þeld by using exclusion cages during JulyÐAugust 2004 and 2005. Field cages of different mesh diameters were used to exclude different sizes of natural enemies from aphid-infested plots. Plots were surveyed twice weekly for A. glycines and natural enemies. Densities were recorded. Cage effects on mean temperature and soybean growth were found to be insigniÞcant. SigniÞcant differences in aphid density were found between treatments in both years of the study (2004 and 2005); however, aphid densities between years were highly variable. Orius insidiosus (Say) was the most commonly occurring predator in the Þeld. Other natural enemies were present in both years but not in high numbers. Parasitoids were present in both years, but their numbers did not suppress aphid densities. Treatment differences within years were related to the abundance of natural enemies. The large differences in aphid abundance between years were associated with the higher number 
The soybean aphid, Aphis glycines Matsumura, was introduced to north central North America from Asia in 2000, and it has rapidly moved across the Midwest, spreading to 21 U.S. states and three Canadian provinces . Throughout the new range of A. glycines, different native and introduced predators, different physical environments, and different climatic conditions occur. Consequently, it is important to understand how A. glycines interacts with these new ecosystems when developing effective management systems to manage this new pest.
The life history of the A. glycines is the same in North America as it is in Asia. In both North America and Asia, the primary overwintering host seems to be plants in the genus Rhamnus . A. glycines switches plant hosts seasonally, and it is characterized as a heteroecious holocyclic species (hostalternating with sexual reproduction during part of its life cycle) (for details, see Ragsdale et al. 2004) .
Abiotic and biotic factors have the potential to greatly inßuence aphid populations. Relatively little work has directly examined the inßuence of abiotic factors on A. glycines growth and mortality. A review of A. glycines populations, temperatures, and precipitation in the Jilin province of China over 10 yr found that higher than mean temperatures (22Ð23ЊC) and reduced rainfall (Ͻ20 mm) from 21 June to 10 July favored aphid development in comparison with other years with lower temperatures and higher mean rainfall amounts (Yue and Hao 1990) . A study performed in North America under controlled conditions found that as temperature increased above the determined optimum temperature (27.8ЊC) for A. glycines, net fecundity, gross fecundity, generation time, and life expectancy decreased (McCornack et al. 2004 ). Another factor that may determine the likelihood of an outbreak year is the number of viable overwintering eggs.
Greater research attention has been given to the inßuence of biotic factors on A. glycines, and natural enemies are thought to be the most signiÞcant biotic factor in regulating A. glycines populations. In their native habitat, A. glycines populations are found in lower densities than in the corresponding latitudes of North America . A. glycines is subject to many natural predators in their native Asia. In the Hunan province of China, populations of aphids were surveyed along with populations of natural predators. Aphid populations peaked at a mean of 188 per plant on 28 July, and then they decreased to a mean of 0.644 aphids per plant by 12 August (Han 1997) . Predators soon followed the aphid population, peaking at 0.421 predators per plant on 2 August, 5 d after the aphids peaked. By 17 August, the predator numbers dropped to 0.135 predators per plant. The ratios of aphids to natural enemies decreased from 310.2 aphids per predator to 10.4 aphids per predator (Han 1997) . This study suggests that natural enemies are effective in China; yet, little is known about natural control of A. glycines in the United States.
An Indonesian study showed an association between peak A. glycines densities and peak coccinellid densities at individual sites (van den Berg et al. 1997) . Peak aphid density explained 28% of the variance in peak coccinellid densities. Coccinellid larvae (Harmonia spp.) were found feeding on aphids, and when the aphids were at high densities, 88% of the aphids eaten were in early instars. Coccinellid larvae consumed aphids at a rate of 120 aphids per day when aphids were at these high densities. In this tropical ecosystem, the authors concluded that aphid densities on young soybean, Glycine max (L.) Merr., plants (Ͻ40 d old) were relatively unaffected by predators (because predator populations did not reach sufÞ-ciently high densities), but aphid population declines on older soybean plants were attributed to predation (where predator densities were much greater) (van den Berg et al. 1997) .
Several predators have been reported to feed on A. glycines in the United States. Damsel bugs (Nabis spp.), aphid ßies (chamaemyiid larvae), ladybugs (coccinellid species), and minute pirate bugs (Orius spp.) have all been reported as some of the most abundant predators occurring in soybean Þelds , Rutledge et al. 2004 . In one study, 85% of the predators feeding on A. glycines in the Þeld were Orius insidiosus (Say) and the coccinellid Harmonia axyridis Pallas. Ground-dwelling predators ate fewer aphids than foliar-foraging predators (Rutledge et al. 2004) , probably because A. glyciness do not drop off the plant when disturbed as do many other aphids (Losey and Denno 1998) .
In Michigan, a series of cage studies were used to evaluate the impact of A. glycines predators in the Þeld . Aphid populations were strongly affected by the caged treatments. Cages seemed to prevent foliar-feeding predators from feeding on the aphids. In those treatments without cages, aphid densities were Ϸ10 aphids per plant, whereas predatorexcluded cages had a mean of 200 aphids per plant. This study provided strong evidence that existing generalist predator communities may be capable of suppressing A. glycines populations below economic injury levels (EILs). Another Michigan cage study illustrated that exclusion cages effectively protected aphid populations from large predators (primarily Coccinellidae), but they did not Þnd a signiÞcant impact of small generalist predators on aphid populations (Costamagna and Landis 2006) .
In Iowa, populations of A. glycines reached Ͼ2,000 per plant in 2001 and in 2003; however, in 2002 and 2004 , populations were Ͻ250 per plant (Rice et al. 2005) . Areas throughout the new range of A. glycines have had "outbreak years" when aphids were at numbers at or above the EILs, as well as years when aphids were not an economic problem. Possible explanations for the occurrence of aphid outbreaks include differences in overwintering survival, phenological differences in aphid movement to soybean, temperature, rainfall, or changes in natural enemy populations across years; but, as yet, there is not sufÞcient research evidence to support any single or multiple causes of outbreaks.
Nebraska is located on the western edge of the range of A. glycines. Since their Þrst appearance in Nebraska in 2002, A. glycines populations in Nebraska have not occurred as early in the season, and they have been more variable than those in states to the east (Ostlie 2001 , Hunt 2004 , Rice et al. 2005 . Given that Nebraska is at the western limit of the North American range of A. glycines and that observations of the population phenology and densities of this aphid in Nebraska are different from those of more easterly states (including differences from immediately adjacent states), understanding factors inßuencing A. glycines population biology is of great interest. In particular, the interplay of A. glycines biology, the abiotic environment, and natural enemies in areas of Nebraska where large A. glycines outbreaks have not occurred may lead to insight into conditions associated with the occurrence of outbreaks elsewhere in the range of A. glycines. Consequently, the objective of this study was to examine A. glycines population dynamics experimentally in Nebraska, with manipulations of natural enemies to determine the importance of speciÞc biotic factors on population change. . Each cage represented one experimental unit, and there were four blocks of four treatments for a total of 16 experimental units. The cage covered 1.8-by 3.7-m ground area (centered over two rows), and cage supports (2.5-cm-diameter aluminum poles) were 2 m in height and extended into the ground 0.5 m. Custom Þeld cages were placed over the aluminum supports, and they consisted of nylon mesh of 1 or 2 mm squares and a full-length zipper opening on one side. SpeciÞc treatments were 1) control: no cage, staked 1.8-by 3.7-m ground area; 2) control: cage, 2-mm mesh rolled up to allow complete access to canopy by all types of natural enemies; 3) partial exclusion cage: 2-mm mesh, intended to exclude large natural enemies (primary predators); and 4) total exclusion cage: 1-mm mesh, intended to exclude all natural enemies, and if natural enemies were found these were manually removed.
Materials and Methods

Field
In 2004, temperatures were recorded at ground level, mid-canopy, and immediately above the canopy with thermocouples (TMC6-HB, 0 Ð 44ЊC range, Ϯ0.4ЊC accuracy at 20ЊC, and 0.2ЊC resolution) attached to a Hobo H8 Outdoor/Industrial 4-Channel External Logger (Onset Computer Corp., Pocasset, MA). Data were recorded from four replications; however, one thermocouple failed in one replication of the caged control treatment. Measurements were recorded at hourly intervals. For general environmental conditions (temperatures, relative humidity, and rainfall) at the experimental site, data from an automatic weather station on the Haskell Agricultural Laboratory (within 2 km of the experimental site) were used. Environmental data were determined from the beginning to end of the experimental period (when cages were placed on plots) in each year.
Dates of all activities involving treatment establishment and assessment are listed in Table 1 . Exclusion treatments (those with 1-or 2-mm mesh cages) were treated to remove preexisting predators with the 0.052 liters (AI)/ha of malathion (which has a short half-life of 1.5 d in sunlight; EPA 1991) . One week later, aphid treatments were artiÞcially infested with healthy adult apterous aphids from a nearby Þeld at three adult aphids per plant to simulate initial infestation observed locally. Natural aphid infestations were similar, but variable by Þeld, in both years.
Aphid and natural enemy counts were made two to three times weekly (until soybean plants senesced; Table 1 ) on six plants chosen at random within each plot (in 2004, only four plants were sampled after 11 August). Counts included nymphal, adult apterous, and adult pterous aphids and natural enemies identiÞed to the lowest possible taxon at the time of Þeld counts ( Table 2) . Aphid number and natural enemy type and number were recorded for individual leaves starting from the base of the plant. Each leaf was designated by counting the nodes from the base of the plant in the same method used to determine the vegetative stage of the plant. Aphids were counted individually until their numbers became too large (Ͼ100 per leaf), and then they were counted by tens or hundreds. Accuracy of counts by tens or hundreds was tested on each sampling date by directly comparing individual counts and estimates on at least one leaf in each plot (16 total), until estimates were within 10% of individual counts. Additionally, the same individual (T.R.B.) counted at all times to avoid potential error among samplers. The vegetative and reproductive stage (Ritchie et al. 1995) of the soybean plants also were recorded on each sampling date.
Data Analysis. Our a priori treatment comparisons of interest were 1) control: no cage versus control: cage, to identify potential cage effects; and 2) to compare no control: cage (all natural enemies), exclusion cage: 2 mm (no large predators, principally parasitoids and minute pirate bugs), and exclusion cage: 1 mm (no natural enemies). Data were analyzed by analysis of variance (ANOVA) through PROC MIXED, SAS 9.1 (SAS Institute 2002). Treatments were compared at the 0.05 level of signiÞcance, unless otherwise indicated.
Response variables included the means by date and across all dates: mean adult aphids, natural enemies, and plant stages. Correlations between aphids and speciÞc natural enemies were determined by PROC CORR and PROC GLM procedures, SAS 9.1 (SAS Institute 2002). For analysis across dates, a repeated measures analysis was conducted with PROC MIXED, by using sampling date as the whole plot. Because appropriate use of PROC MIXED for repeated measures analysis requires estimation of the covariance (Littell et al. 1996) .
Results and Discussion
Cage Effects. No signiÞcant cage effect on aphid density was observed in either year (Table 4) . As expected, temperatures did signiÞcantly differ between canopy strata (F 2, 17 ϭ 30.45; P Ͼ F Ͻ 0.0001); however, no signiÞcant difference were observed among temperatures, nor was there a signiÞcant stratum by temperature interaction (Table 3) . Fox et al. (2004) also found that their cages had little inßuence on temperature or humidity.
We found no signiÞcant treatment differences in soybean reproductive stages (2004: F 3, 9 ϭ 0.15, P Ͼ F ϭ 0.9263; 2005: F 3, 9 ϭ 2.30, P Ͼ F ϭ 0.1455) or vegetative stages (2004: F 3, 9 ϭ 1.66, P Ͼ F ϭ 0.2436; 2005: F 3, 9 ϭ 2.64, P Ͼ F ϭ 0.1130). Rutledge and OÕNeil (2006) argued that the effect of soybean plant stage on A. glycines populations is not signiÞcant. This evidence along with the lack of signiÞcant differences in cage temperatures or in the number of aphids in the caged and open controls indicates that cages did not of themselves alter aphid numbers. Because no signiÞcant differences were found in the number of aphids and predators for both years of the study, the uncaged control treatment is omitted from the results.
Abiotic Effects. Across all treatments, mean aphid densities were lower in 2005 and than 2004 ( Evidence that biotic, not abiotic, factors most signiÞcantly inßuenced aphid numbers between years was provided by comparing aphid densities in total exclusion cages (which excluded natural enemies) (Table 4) . Aphid densities totaled across all sampling dates in total exclusion treatments were 973.3 in 2004 and 818.2 in 2005, and they were not signiÞcantly different by least signiÞcant difference (LSD) test.
Aphid Population Dynamics. In 2004, aphid numbers increased in all plots until the beginning of September when the populations began to decline (Fig.  1) . The 2004 treatment, effects were signiÞcant (F 3, 9 ϭ 11.14; P Ͼ F ϭ 0.0022). The highest mean number of Temperature data from thermocouple placed in bottom canopy (within 3 cm of ground), middle canopy (middle of soybean canopy), or top (within 3 cm above canopy). Letters after means indicate signiÞcant differences at the 0.01 level by analysis of variance and protected paired t-tests: for treatment comparisons, letters apply in the treatment means column; for canopy levels comparisons, letters apply across the canopy means row. aphids per plant was found in the total exclusion treatments (3,091), then the partial exclusion treatments (2,826), and Þnally the no exclusion treatment, which had the lowest aphid mean (932) (Fig. 1) . These results corresponded with the natural enemies found in each treatment (Table 4 ). The total exclusion treatment had very few predators, and those that were counted were removed. The partial exclusion treatment had small natural enemies, primarily O. insidiosus, and parasitoids. In 2005, aphid numbers increased in all plots until the beginning of September when the populations began to decline (Fig. 1) . The 2005 treatment effects were signiÞcant (F 3, 9 ϭ 181.65; P Ͼ F ϭ 0.0001); speciÞcally, the total exclusion treatment was signiÞcantly different (LSD 0.05 ϭ 95.56) from other treatments. The number of aphids found in the total exclusion treatment was dramatically higher than the number found in both the no exclusion and the partial exclusion treatment (Fig. 1) . The numbers found in the no exclusion and partial exclusion treatments were much lower in 2005 than in any of the treatments in 2004.
A likely explanation for differences in aphid densities seen between the 2 yr of the study was in the number and type of predators seen in the Þeld (Table  4 ). Observed differences in predators are associated with population ßuctuations between treatments and between years in this study. In other work, Ragsdale et al. (2004) reported that "Although aphid populations can drop precipitously during fungal epizootics and occasionally parasitism rates can be locally high, predators remain the most signiÞcant natural enemy in Midwestern soybean Þelds."
The most signiÞcant natural enemy in our study seemed to be O. insidiosus. Large differences in aphid abundance between years were associated with the higher number of O. insidiosus found in the Þeld in 2005 (416 total O. insidiosus) than in 2004 (149 total O. insidiosus). Results in 2005 show that the mean number of aphids per plant in the total exclusion cages (Þne mesh) was signiÞcantly different than the number of aphids found in the other treatments (LSD 0.05 ϭ 95.567). The total exclusion cage had a maximum of 2,600 aphids per plant. The partial exclusion treatment had a maximum population of around 50 aphids per plant, whereas the complete exposure treatment had a maximum of just Ͼ10 aphids per plant. This difference corresponds with the mean number of O. insidiosus per plant (Table 4 ). There was no signiÞcant difference in the mean number of O. insidiosus between the total exposure and partial exclusion treatments (LSD 0.05 ϭ 0.33), showing that O. insidiosus could pass through the coarse mesh netting used for the partial exclusion. O. insidiosus numbers in total exclusion treatments were signiÞcantly lower than numbers found in the other two treatments (LSD 0.05 ϭ 0.33).
O. insidiosus is a generalist predator within soybean. For example, O. insidiosus made up 55% of the total predators collected in Missouri soybean Þelds (Barry 1973 ). This predator is attracted to beans during the crops reproductive stages where they feed on thrips and leafhopper nymphs (Ignoffo et al. 1976, Isenhour and Marston 1981) . In corn, O. insidiosus populations are thought to be tied to silking and pollen shed, because populations of O. insidiosus attained their seasonal peak during these reproductive phases of corn development (Isenhour et al. 1981) . O. insidiosus has become one of the main predators of A. glycines since the introduction of this aphid. Rutledge et al. (2004) (Fig. 2) . The total exclusion treatment only reached 0.67 O. insidiosus per plant. In those treatments with high numbers of O. insidiosus, mean aphid numbers never grew Ͼ40 aphids per plant, far below the currently recommended economic threshold (ET) of 250 aphids per plant (Hunt 2004) . In 2004, initial O. insidiosus densities were not sufÞciently large enough to suppress aphid population growth. The lack of O. insidiosus at the start of the study may explain the sudden increase of aphid numbers in the partial exclusion (reaching a mean of Ͼ3,000 per plant) (Fig. 2) . Even the aphid numbers in the control surpassed the traditional ET, reaching a mean of 933 aphids per plant. In 2004, O. insidiosus numbers in the partial exclusion treatments seem to track with aphid numbers in the last days of the study; however, there is no evidence that O. insidiosus was able to provide any control of the aphid (Fig. 2) .
The differences in aphid abundance between years could be caused by the differences in initial densities of O. insidiosus present in the Þeld. The populations of O. insidiosus are usually linked to prey abundance (Isenhour and Marston 1981 Parasitoids were not found to substantially reduce aphid numbers, mostly because parasitoids occurred after aphid densities were already above EILs. In support of this interpretation, the Pearson correlation coefÞcient (run across years for this study) between parasitoids and aphid numbers found a signiÞcant positive correlation (P ϭ 0.63 P Ͼ r ϭ 0.0001), suggesting parasitoids tracking but not affecting aphid numbers. When a correlation was run across years, O. insidiosus was the only factor to show a signiÞcant negative correlation with aphid numbers (P ϭ Ϫ0.64; P Ͼ r ϭ 0.0001). This is strong evidence for O. insidiosus being one of the most efÞcient aphid predators in Nebraska soybean Þelds.
Nebraska soybean are not colonized by aphids until mid-to late July, unlike states to the east where colonization is seen as early as the beginning of June. This delay in colonization suggests that aphid overwintering success is limited. The likely explanation for the late colonization in Nebraska is that the aphids are migrating from states further east where buckthorn, Rhamnus cathartica L., stands are more common. This late colonization could be of great beneÞt to Nebraska farmers. Early infestation and treatment can result in the extermination of natural enemies, leading to a resurgence in aphid numbers. Later infestations may need only one treatment to suppress aphid numbers.
This study clearly shows that natural enemies are an important component of A. glycines management, but not all enemies are equal in there effectiveness in preventing aphid outbreaks or decreasing aphid abundance. In the system studied, O. insidiosus were found to be the most inßuential predators when large populations were present at the start of the aphid infestation.
Given the scale of this study, we cannot conclude that O. insidiosus is the only signiÞcant natural enemy of A. glycines in northeastern Nebraska or that in some areas or circumstances other natural enemies may not be signiÞcant. However, the ecologies of many pests and their natural enemies become signiÞcantly different as the edges of their ranges were approached (Godfrey et al. 1991 , Barrigossi et al. 2001 .
In particular, we expect the population dynamics of any species to be more variable at the edge of its range, given that the range limit reßects limitations in species requisites (when the range is not limited by a physical, geographical barrier) (Andrewartha and Birch 1984) . Variation in pest dynamics necessarily inßuences natural enemy population dynamics and the ability of natural enemies to inßuence pest numbers. From this perspective, we might anticipate the action of natural enemies on A. glycines to be more signiÞcant and more predictable away from the edges of A. glycines range, and research to date generally supports this expectation , Costamanga and Landis 2006 , Costamagna et al. 2007 ). Consequently, results here are sufÞciently different from those reported farther east to imply that key factors inßuencing A. glycines at the western edge of its range are different from those elsewhere.
